proposed.
The stability of the teleoperation system with haptic feedback via a time-delay communication environment is mathematically proved. Moreover, in order to reduce the packet transfer rate for data transmission, a deadband control approach is used. A new data reconstruction algorithm is proposed to improve the system's performance while maintaining the system's stability. This system allows passive assisted movement utilizing teleoperation for the rehabilitation of upper limb function.
Historical Background and Problem Statements
Currently, the number of elderly people is increasing, especially in the developed countries, and with this increase comes an increase in the number of people who need some type of medical care.
At the same time, people of all ages continue to require assistance in recovering from accidents, congenital problems, chronic illness, etc. However, the number of physicians and nurses is not increasing in step with the increasing number of patients. Therefore, in order to fill this need, it is necessary to develop automated systems for patient care. One alternative that is attracting much interest is the use of welfare or life-supporting robots. In recent years, many studies have focused on the rehabilitation of upper limb function. Among the proposed systems is a haptic interface arm [11] , which patients move in order to interact with a virtual environment.
In this system, a spring-damper model is used to help the patient follow the programmed exercises. This system collects and analyzes data regarding the patient's position, velocity and force of movement. Another system that uses speed, time or EMG (Electromyography) threshold to initiate robot assistance for maximizing the patient's recovery has been proposed [10] . During the patient's physical activity, speed of movement, time, or EMG signals are measured and evaluated in order to determine a threshold value. Patients perform an exercise without any assistance until they reach their particular thresholds; the assistant robot is then engaged. Other rehabilitation systems have also been developed [4, 9] . Such systems allow exercises that assist the patient in his or her daily life activities. Depending on the patient's condition and the exercise, the system will assist or guide the patient using the difference between the real position and desired position. In all of the above systems, the exercises are programmed into the computer beforehand and the patients practice the exercises as if they were playing a simple computer game. The disadvantage of these systems is that they all have static characteristics. That is, the movements are set before the systems start their work, and the settings can only be changed when the task finished. As a result, either the physician must spend much time adjusting these machines individually for each patient, or the exercises must be simple enough to accommodate all patients.
Teleoperation systems based on haptic feedback combined with audio-visual communication support are applied in a wide range of areas including telemanufacturing, telemaintenance, telesurgery and rescue applications. In the case of rehabilitation, telere-habilitation is an effective solution to solve the problems regarding the distance between the patient and physician, a lack of expertise, the high cost of delivery in rural areas, and so on.
However, a problem concerning the teleoperation system using force feedback is that the communication time delay causes system instability. By using a passivity concept, it has been shown that the nonpassivity of the communication environment causes this instability [1, 13] . Subsequently, a control method (scattering [1] or the equivalent wave variable transformation [13] ) to solve the instability problem has been proposed. The resulting control method stabilizes the system for arbitrarily large constant delays. In the case of time varying delay, it became clear that time varying delay threatened the system stability, and a solution to ensure stability in a variable time-delay environment was proposed [12] . Further improvements of [12] were made, such as improving position tracking [5] and discrete-time implementation of the control law [3] . The limit of this solution is that the derivative of time delay must be known in order to choose the appropriate gain that stabilizes the system. Another method has used a four-channel data transmission structure to guarantee the stability and transparency of a master-slave system [16] , but in this system it is assumed that the operator and the environment's model are completely known. Another problem regarding teleoperation through packet switched networks such as the Internet is high packet transfer rate. High packet rates are difficult to maintain over long distance networks. In addition, the probability of congestion is increased leading to higher transmission delay and packet loss. To reduce the packet transfer rate, one solution is to use deadband control, which has been applied in networked control systems [14] . Deadband control was first applied to the field of teleoperation involving haptic feedback in [8] . It has been shown that by using the passivity approach, the data reconstruction algorithm of the deadband control approach may cause nonpassivity in a teleoperation system with haptic feedback. Thus, a control approach utilizing the specified reconstruction algorithm based on a HLS (Hold Last Sample) algorithm was proposed as a way to maintain the system's passivity. The limitations of this control approach are that the specified reconstruction algorithm causes a significant difference between the original signal and the reconstructed signal (in order to guarantee the passivity of the system), and also only a constant time delay environment is taken into consideration.
Introduction
of This Research In the present paper, in order to build a total telecontrol system for home medical welfare support as shown in Fig. 1 , a telerehabilitation system for upper limb function, one part of the complete system, is proposed. The proposed system includes a twodegrees of freedom (2-DOF) master robot arm and a 2-DOF slave robot arm with haptic feedback and teleoperation. The rehabilitation field common uses rehabilitation techniques: passive and active assisted movement. The physician will move the limb as the patient remains either passive (the passive technique), or actively attempts to contribute to the movement (the active assisted technique). In the first step of developing a new rehabilitation system, the proposed system in this paper focuses on the passive movement technique (passive rehabilitation). The physician uses the master arm and the patient uses the slave arm. The slave robot arm is designed to match a human arm, and the master robot arm is built upon a similar structure but on a smaller scale than the slave arm. This allows the physician to more easily perform the exercise at lower energy, compared to performing the exercise by holding the patient's arm directly. The patient's conditions can be transmitted to the physician using force feedback. Using a haptic feedback signal, the physician can adjust the exercise for the patient in real-time. In addition, because the physician and the patient interact with each other indirectly via, the master-slave system, telerehabilitation (rehabilitation by teleoperation) can be implemented in which the master site and the slave site are connected via, communication environment with arbitrary time delay. To overcome the instability problem associated with teleoperation using force feedback via communication environment having time delay, our system employs a new teleoperation mechanism. Instead of using actuators in both master and slave sites such as those used in other master-slave systems, electromagnetic brakes are used at the master site. Brakes can communicate a patient's resistance to the master arm's movement as well as stabilize the system in a communication environment having time delay. In addition, a deadband control utilizing a new data reconstruction algorithm is newly proposed for the teleoperation mechanism. This deadband control can reduce the network transfer rate while maintaining an acceptable system performance and guaranteeing the system's stability. This paper is organized as follows. Section 3 presents the structure and the operation of the masterslave system. In section 4, the electromagnetic brakes which are used to present feedback force, are introduced. The stability of the proposed teleoperation system is proved in section 5, and the experimental results are shown. The problem of a communication environment, especially a packet switched network such as Internet, is not only time delay, but also high packet transfer rate. Section 6 provides a discussion of deadband control using the new data reconstruction algorithm to reduce network traffic. Furthermore, evaluation of the new deadband control and the comparison with conventional deadband control are also presented in this section.
3.
System Structure and Operation
The master-slave system built in this study includes a 2-DOF master robot arm and a 2-DOF slave robot arm. They share similar structures, but the master arm's size is smaller than that of the slave arm, as shown in Table 1 . The master arm uses encoders to give its position to the slave arm. Instead of actuators, the master arm has brakes for the implementation of feedback force. Force feedback can be realized by attaching the force strain gauges to the handle part of the slave arm. The slave arm has two DC motors equipped with encoders and reduction gears with a 1:50 ratio. Two ball reducers with a 1:20 ratio are used in two joints of the slave arm. A controller is designed for the slave arm to allow the slave arm to track the master arm's movement. The master and slave arms are connected through a communication environment specified by more or less time delay. A schematic diagram and the specification of the system are shown in Fig. 2 The system operates as follows. The operator (physician) moves the master arm, and the master arm's joint angles are measured. The position information is then sent to the slave site. At the slave site, the slave arm is controlled in order to track the master arm's movement. The patient holds the handle attached to the tip of the slave arm, and in so doing follows the master arm's movement. If the exercise results in pain in the patient, he or she will resist the slave motion. The force sensor attached to the handle measures the force when the patient pulls or pushes the handle. Force information is then sent back to the master site. The master site receives the force signal and the brake at each joint of master arm is applied. These brakes then actively resist the movement of the master arm performed by the physician. By feeling the resistance, the physician will adjust the exercise to be appropriate to the patient in real-time.
4.
Brake Characteristics
In our system, electromagnetic brakes are used at the master site to implement the feedback force from the slave site so that the physician can feel the patient's resistance. The brake torque is set to be proportional to the resistance force and therefore proportional to the magnitude of the strain gauge signal. The brake torque can be controlled by input voltage. However, as shown in Fig. 3 , the relation between input voltage and brake torque in the case of increasing or decreasing voltage (shown in the figure by circles and triangles, respectively), are neither similar nor nonlinear. In those circumstances, the brakes cannot be controlled directly by the input voltage proportional to the strain gauge signal.
In order to improve the brake characteristics, the PWM (Pulse Width Modulation) method was used. Instead of generating the voltage with a magnitude proportional to the desired value, a pulse of constant magnitude and width proportional to the desired value is generated in each PWM cycle. The magnitude is chosen so that the brake torque in the case of increasing voltage is similar to that in the case of decreasing voltage. The brake torque is controlled by adjusting the width of the pulse (the duty cycle). The input voltage of the brake can only be zero or equal to the magnitude of the pulse. Therefore, the same input Table 1 Specifications of the master arm and the slave arm pulse, the same output torque of brake. As shown in Fig. 4 , the relation between duty cycle and brake torque is the same in both an increasing and decreasing duty cycle (shown in the figure as dashed lines and circles, respectively). The characteristic line is still nonlinear, but it can be divided into four linear parts (the solid line in Fig. 4 ).
5.
Stability of the System 5.1 System Dynamics In this paper, we consider the case of the general n-DOF master and n-DOF slave robot system. The n-DOF master and n-DOF slave robot system can be described as: and where qi are the master and the slave arm angular position vectors, Tm is the total torque at the master site, and T, is the slave control. Mi(qi) and Ci(qi,qi) are the symmetric and positive definite inertia matrices and Coriolis matrices, respectively. Mi(qi) -2Ci(qi,qi) are skew-symmetric matrices (i=m,s). The system has an equilibrium point at qm=qs=0. The proof of the stability is as follows: Initially, the system is proved to be stable at qm= 0. Consider the system such that the input is human torque Th and the output is master velocity qm,. Other parts of the system are in the feedback path. The Lyapunov candidate function V is V is a positive definite function, V>0 except qm=0. Then, V is calculated as follows (suppose that Th=0): The system is asymptotically stable at the equilibrium point qm=0 with any time delay and feedback torque values.
Secondly, the system is proved to be stable at cally stable at the equilibrium point qm = 0; theredelay T1 and T2. Because the slave robot uses a PD controller and qs is the vector of angular positions, the slave robot system is Input-to-State stable [2] . Using the interconnection property of Input-to-State Stability [15] , the system is also stable at the equilibrium point (qs=0. The PD controller at the slave site guarantees the stability of the slave system. In conclusion, the system is stable at the equilibrium point qm=qs=0 with any value of time delay T1,T2, and feedback torque. When the input is zero, the brakes dissipate the energy, and the robot system then settles down at qm=qs=0, despite the non-passivity of the communication environment.
Experimental
Setup and Results To perform the experiment regarding teleoperation, a network simulator (a Berkeley Network Simulator (ns2) [7] ) is used as the communication environ- 
Experimental Results
The experimental results regarding the system's teleoperation with constant time delay can be seen in [6] . The experimental results involving time varying delay is shown in Fig. 6 .
The experimental results demonstrated the system's stability and its effective tracking, despite the time delay. When the patient pushes or pulls the handle of the slave arm using strong force, it becomes difficult for the physician to move the master arm (the position is also constant) due to the activation of the electromagnetic brakes. The brakes consistently obstruct the physician's movement in order to both ensure the patient's safety and also present the patient's state.
Network
Traffic Reduction In a teleoperation system, data transmitted over the communication channel is usually sampled at a rate equal to the sampling rate of the local control loops at the sending site. That makes the packet transfer rate high. A high packet transfer rate may cause an increase in time delay and packet loss. Therefore, the packet transfer rate must be decreased. One approach is then to use deadband control [8, 14] . However, the algorithms in [8, 14] cause a significant difference between the original signal and the reconstructed signal while reducing the network traffic. That may not be appropriate in the rehabilitation field, in which the system's performance must be precise enough to convey the exact exercises created by the physician to the patient. In the next section of this paper, the deadband control combined with a new data reconstruction algorithm is introduced to reduce the network traffic as a way to ensure greater system performance. At first, the definition of the deadband control and the new data reconstruction algorithm is presented. Moreover, effects of communication environment such as time delay and packet loss are dis- 
Definition of Deadband Control
The deadband control in [8, 14] is defined that the data is sent via the communication network only if the signal value changes more than a given threshold. Fig. 8 algorithm. In [8] , the threshold is a constant value or proportional one to the magnitude of the sent data according to Weber's law, such that the size of the just noticeable difference is a constant proportion of the original stimulus value. In addition, the data reconstruction algorithm is modified from the algorithm that holds the last sample until the newer one arrives. In [14] , the threshold is determined considering the reduction of the packet transfer rate and system error. System error can be considered as the difference between the reference signal and the received signal that is constructed from received data using the data reconstruction algorithm.
In the proposed deadband control of the present paper, a signal called "predictive signal" is introduced. The predictive signal is generated in the sending site from sent data values by using the same data reconstruction algorithm with the receiving site. Therefore, the predictive signal is the representation in the sending site of the received signal which is constructed from received data in the receiving site. Deadband control is that the reference signal is sent via the communication network only if (i) The difference between the reference signal value (15) where Tk =Tk -Tk -1 /tk-tk-1 is the variation rate of time delay.
The difference between the predictive signal xp(t) with tk<t<tk+i and the corresponding reconstructed signal xc (t*) is evaluated by From eq. (8), it is found that the inequality eq. (9) is always true with any value of Tfj. Therefore, the deadband control for force feedback transmission does not affect the stability of the system at qm = 0.
To prove the system's stability also at the point Comparison between the proposed algorithm and conventional HLS actuators at the master site to provide the feedback force. In addition, deadband control using the specified data reconstruction algorithm employing firstorder prediction is proposed as a means to reduce network traffic. The simulation and experimental results show the effectiveness of the proposed approach. Using the proposed master-slave system, the passive assisted movement technique, a common rehabilitation technique, can be easily and remotely implemented, with the patient and the physician being in different locations. Using feedback force information from the patient site, the physician can adjust the exercise immediately to match with patient's condition. Moreover, the proposed teleoperation mechanism and the deadband control algorithm described in this paper can be applied to other teleoperation systems utilizing force feedback.
Moreover, in order to compete and develop the present system, rehabilitation with bilateral teleoperation for active assistance will also be considered. In the future, human sensing information such as EMG (Electromyography), pain level, heart rate, blood pressure, autonomous nerve functions, etc. will be considered as feedback information in the development of a better rehabilitation robot system.
